Several accessory proteins referred to as mediators are required for the full activity of the Rad51 (Rhp51 in fission yeast) recombinase. In this study, we analyzed in vivo functions of the recently discovered Swi5/Sfr1 complex from fission yeast. In normally growing cells, the Swi5-GFP protein localizes to the nucleus, where it forms a diffuse nuclear staining pattern with a few distinct foci. These spontaneous foci do not form in swi2D mutants. Upon UV irradiation, Swi5 focus formation is induced in swi2D mutants, a response that depends on Sfr1 function, and Sfr1 also forms foci that colocalize with damageinduced Rhp51 foci. The number of UV-induced Rhp51 foci is partially reduced in swi5D and rhp57D mutants and completely abolished in an swi5D rhp57D double mutant. An assay for products generated by HO endonucleaseinduced DNA double-strand breaks (DSBs) reveals that Rhp51 and Rhp57, but not Swi5/Sfr1, are essential for crossover production. These results suggest that Swi5/Sfr1 functions as an Rhp51 mediator but processes DSBs in a manner different from that of the Rhp55/57 mediator.
Introduction
The mechanism of homologous recombination (HR) has been studied extensively in Saccharomyces cerevisiae (reviewed in Paques and Haber, 1999; Symington, 2002; Krogh and Symington, 2004) . Both meiotic and mitotic HR are initiated by DNA double-strand breaks (DSBs). The ends of DSBs are nucleolytically processed to form invasive 3 0 single-stranded DNA (ssDNA) tails, which are subsequently coated by replication protein A (RPA). Recombinase mediators such as Rad52 and the Rad55/Rad57 heterodimer assist Rad51-nucleoprotein filament formation by displacing RPA from ssDNA. The Rad51 filament searches for a homologous DNA duplex, with which it forms a D-loop or single-end invasion (SEI) intermediate. Rad51-mediated strand exchange has been shown to be enhanced by the Rad55/57 mediator in vitro (Sung, 1997) . In the original DSB repair (DSBR) model (Szostak et al, 1983) , the annealed invading strand was proposed to be extended by DNA synthesis, resulting in the formation of a double Holliday junction (dHJ) intermediate. Resolution of the dHJ in one orientation was predicted to yield a crossover (CO) recombinant, whereas resolution in the other orientation results in a non-CO recombinant. However, recent studies suggest that dHJ intermediates formed during meiotic recombination are programmed to be resolved predominantly into COs and that non-CO recombinants are produced by an alternative pathway that does not involve Holliday junction intermediates (Allers and Lichten, 2001; Hunter and Kleckner, 2001 ). Non-COs have been proposed to arise by displacement of the extended invading strand in a D-loop, followed by reannealing to the 3 0 -tailed ssDNA on the other side of the break (Allers and Lichten, 2001; Hunter and Kleckner, 2001) , in a pathway referred to as 'synthesis-dependent strand annealing' (SDSA) (Paques and Haber, 1999) . Importantly, the decision between the meiotic CO and non-CO pathways is suggested to be made very early, before or during stable strand exchange (Allers and Lichten, 2001; Hunter and Kleckner, 2001; Börner et al, 2004) .
In contrast, mitotic cells from many organisms produce predominantly gene conversion without CO via the SDSA pathway and negatively regulate CO production that arises via dHJ formations (hereafter, we refer to gene conversion without CO as GC and to gene conversion with CO as CO). Because CO production may cause potentially deleterious chromosomal rearrangements, cells have evolved efficient systems to limit CO production. For instance, it has been suggested that the dissolution of dHJs by the combined action of RecQ family helicases and topoisomerase III leads to the suppression of COs in mitosis (Ira et al, 2003; Wu and Hickson, 2003) . However, it is still unclear how cells choose between the SDSA and DSBR pathways and which factors are specifically involved in mitotic dHJ formation.
Structural and functional homologues of S. cerevisiae recombination genes/proteins have been identified in many organisms, including the distantly related fission yeast Schizosaccharomyces pombe. The S. pombe rad22
þ is a homologue of S. cerevisiae RAD52 (Ostermann et al, 1993) , and rhp51 þ , rhp54 þ , rhp55 þ and rhp57 þ (rad homologue of S. pombe) correspond to S. cerevisiae RAD51, RAD54, RAD55 and RAD57, respectively (Muris et al, 1993 (Muris et al, , 1996 Khasanov et al, 1999; Tsutsui et al, 2000) . Additionally, two other genes, swi5 þ and sfr1 þ , have been implicated in HR and homologous recombinational repair (HRR) (Akamatsu et al, 2003; Ellermeier et al, 2004) . The swi5 þ gene was first identified as one of the swi genes that are required for efficient matingtype (MT) switching in S. pombe (Egel et al, 1984) . MT switching in S. pombe occurs efficiently during the mitotic cell cycle by GC of the transcriptionally active mat1 locus using information from one of two silent cassettes (mat2-P and mat3-M). This GC-directed MT switching is assumed to arise through an SDSA-like process, which is initiated by a transient DSB associated with DNA replication (Arcangioli and de Lahondes, 2000; Dalgaard and Klar, 2001 ). Swi5, together Swi2 and Swi6, is implicated in promoting correct unidirectional GC (for review, see Klar, 1992; Arcangioli and Thon, 2004) . The Swi6 protein is a homologue of the mammalian heterochromatin protein HP1, but the functions of Swi2 and Swi5 in MT remain unclear.
In a previous study, we showed that a protein complex containing Swi5 and Swi2 specifically promotes MT switching, whereas another complex containing Swi5 and Sfr1 is involved in Rhp51-dependent HRR (Akamatsu et al, 2003) . Sfr1 shares sequence homology with the C-terminal half of Swi2, the region that is important for Rhp51 and Swi5 binding, whereas Sfr1 lacks the Swi6-binding region. Epistasis analysis revealed that the Swi5/Sfr1complex functions in a manner similar to, but independent of, the Rhp55/ Rhp57 mediator. We recently showed that a stable Swi5/Sfr1 protein complex stimulates Rhp51-mediated DNA strand exchange in vitro (Haruta et al, 2006) .
Here, we present in vivo evidence that the Swi5/Sfr1 complex functions as a mediator that promotes and/or stabilizes Rhp51 filament formation. In addition, an assay for site-specific DSBR (Prudden et al, 2003) indicated that canonical CO products were detected at low but significant frequencies in wild-type, swi5D and sfr1D strains, whereas they were not detected in rhp57D and rhp51D single mutant strains and in rhp57D swi5D double mutant strain. We discuss the functional differences between the Swi5/Sfr1 and Rhp55/Rhp57 mediators.
Results

Swi2-and Sfr1-dependent localization of Swi5 in the nucleus
To obtain further insight into the molecular functions of Swi5, EGFP was fused to the carboxyl terminus of Swi5 and its cellular localization was determined (Figure 1 ). The Swi5-EGFP fusion was fully functional as judged by MMS and UV sensitivity assays and by MT switching efficiency (data not shown). In normally growing cells, Swi5-EGFP localized to the nucleus and exhibited diffuse nuclear staining with a few distinct foci ( Figure 1A ). We previously reported that Swi5 genetically and physically interacts with the paralogues Swi2 and Sfr1 (Akamatsu et al, 2003) . We examined the effects of these gene functions on Swi5 localization in this study. In swi2D cells, Swi5-EGFP did not form nuclear foci, although it was still diffusely distributed in the nucleus. On the other hand, the nuclei of sfr1D cells contained Swi5-EGFP foci, although the diffuse signal was almost undetectable. In swi2D sfr1D double mutant cells, Swi5-EGFP was not present in the nucleus, either in a diffuse pattern or in the form of foci. The absence of Swi2 or Sfr1 did not affect the cellular expression level of the Swi5-EGFP protein ( Figure 1B ). These results indicate that Swi2 and Sfr1 independently target Swi5 to the nucleus in normally growing cells: the former is required for distinct focus formation and the latter for diffuse nuclear distribution.
Swi5 and Swi2 associate on heterochromatin with Swi6
We next investigated the cellular localization of Swi2. The EGFP tag was fused to the amino terminus of endogenous Swi2 and the expressed fusion protein was fully functional, as judged by the efficiency of MT switching (data not shown). Although the EGFP-Swi2 signals were extremely weak, we could detect a few Swi2 nuclear foci, with a pattern very similar to that of Swi5-EGFP foci ( Figure 1C ). In contrast, we could not detect Swi2 foci in swi5D cells. The focal distributions of Swi2 and Swi5 were in turn very similar to that previously reported for Swi6 (Ekwall et al, 1995) . We therefore more closely examined whether spontaneous Swi5 and Swi2 foci colocalize with Swi6. As shown in Figure 1D and E, about 80% of Swi5-EGFP foci (93/117 total Swi5-EGFP foci) and 97% of EGFP-Swi2 foci (36/37 total EGFP-Swi2 foci) overlapped with Swi6-ECFP foci. The patterns of Swi6-ECFP in swi5D and swi2D mutants were very similar to those in wild-type cells (data not shown). In contrast, Swi2 foci were not detected in swi6D or swi5D mutant backgrounds ( Figure 1C ). This result is consistent with a previous demonstration of the colocalization of Swi6 and Swi2 at the mat locus by ChIP analysis by Jia et al (2004) . Although we could not detect the direct colocalization of Swi2 and Swi5 because both proteins were fused to the same tag, most Swi2 and Swi5 foci have been suggested to associate with Swi6. Interestingly, Swi5-EGFP foci formed in swi6D cells, although their intensities were drastically reduced ( Figure 1A ).
Sfr1 diffusely localizes in the nucleus in normally growing cells
We then examined the cellular localization of Sfr1. Endogenous EGFP-Sfr1 tagged at its amino terminus appeared to be functional, as judged by the MMS and UV sensitivities of cells with the fusion (data not shown). As shown in Figure 2A , EGFP-Sfr1 localized to the nucleus but did not form foci under normal growth conditions, like Swi5-EGFP in swi2D cells ( Figure 1A ). In the absence of Swi5, the EGFP-Sfr1 signals disappeared and the EGFP-Sfr1 protein could not be detected by immunoblot analysis (data not shown).
Rhp51-dependent assembly of the Swi5/Sfr1 foci upon UV irradiation As both Sfr1 and Swi5 function in Rhp51-dependent HRR (Akamatsu et al, 2003) , we examined the distribution of Swi5-EGFP and EGFP-Sfr1 following UV irradiation. We previously showed that swi2D cells are fully proficient in UV repair (Akamatsu et al, 2003) , and as described above, they lack the spontaneous Swi5-EGFP foci that are normally present in heterochromatin ( Figure 1A ). Therefore, we used swi2D strains for analysis of induced Swi5 foci. More than 60% of swi2D cells formed Swi5 foci 3 h after UV irradiation, although the intensity of the foci was very weak ( Figure 2B ). Similarly, more than 60% of cells formed distinct EGFP-Sfr1 foci after UV irradiation ( Figure 2B ). The percentage of cells that formed Rhp51-ECFP was also a similar value under the same experimental condition (see below for the functionality and localization of Rhp51-ECFP protein). The intensity of EGFP-Sfr1 foci was much stronger than that of induced Swi5-EGFP foci, which seemed to be weaker than the spontaneous foci formed in swi2 þ cells. The UV-induced formation of Swi5-EGFP and EGFP-Sfr1 foci is completely dependent on Rhp51 function because Swi5-EGFP and EGFP-Sfr1 focal signals could not be detected in rhp51D mutants for up to 6 h after UV irradiation ( Figure 2C and data not shown). Both the inducible Swi5 foci in the swi2D sfr1D strain and Sfr1 foci in the swi5D strain did not form upon UV irradiation (data not shown), indicating the mutual dependency of the inducible focus formation of the two proteins.
Accumulation and persistence of Swi5 and Sfr1 foci in rhp54D cells
Rhp54 and its budding yeast counterpart Rad54 are thought to function after Rhp51-and Rad51-mediated strand invasion, respectively (Muris et al, 1997; Symington, 2002) . We then examined Swi5 and Sfr1 focus formation in rhp54D cells ( Figure 3A and B). A few weak EGFP-Sfr1 foci formed spontaneously in many rhp54D cells (about 60%) under normal culture conditions without UV irradiation ( Figure 3A and B). UV irradiation enhanced the intensity of EGFP-Sfr1 foci more strongly in rhp54D cells than in wild-type cells. More than 90% of rhp54D cells exhibited EGFP-Sfr1 foci, compared with 60% of wild-type cells 3 h after UV irradiation. More than 80% of rhp54D cells exhibited Swi5-EGFP foci, compared with 60% of wild-type cells 3 h after UV irradiation under the same conditions. Swi5 and Sfr1 signals in rhp54D cells persisted longer than 26 h, whereas these signals disappeared gradually 8 h after UV irradiation in rhp54 þ cells. These observations suggest that Rhp54 is not required for Swi5 and Sfr1 focus formation per se but for their disassembly.
Association of Sfr1, Swi5 and Rhp51 at DNA damage sites
The induced Sfr1 and Swi5 foci described above most probably reflect DNA repair events mediated by HR. To obtain further evidence for this interpretation, we asked whether Rhp51 colocalizes with Swi5/Sfr1 upon induction of DNA damage. For this purpose, we fused ECFP to the carboxyl terminus of endogenous Rhp51. rhp51-ECFP cells exhibited UV sensitivity similar to that of rhp51D cells, and although the rhp51-ECFP gene did not complement the DNA repair defect of rhp51D cells, it did not affect the DNA repair activity of rhp51 þ cells (Supplementary Figure S1) . These results indicate that rhp51-ECFP is a recessive allele of rhp51 þ with respect to DNA repair. However, the Rhp51-ECFP protein formed foci in the nucleus upon UV irradiation ( Figure 2B ). In addition, it formed a single focal signal in the nucleus when a DSB was induced in the Ch
16
-MG minichromosome (see below) as a result of HO endonuclease expression ( Figure 4A ). As no signal was observed in cells in which HO was not induced, the Rhp51-ECFP signal most likely represents the assembly of Rhp51 at the DSB site. Taking advantage of this property, we examined whether Rhp51 colocalizes with Swi5/Sfr1 upon induction of DNA damage ( Figure 4B ). Rhp51-ECFP formed several distinct nuclear foci upon UV irradiation and Swi5 and Sfr1 also formed limited numbers of foci. Almost all of the UV-induced EGFP-Sfr1 foci colocalized with Rhp51-ECFP foci (78.9%, n ¼ 109). The faint Swi5-EGFP foci induced by UV irradiation also seemed to colocalize with Rhp51 foci (72.4%, n ¼ 105). However, the intensity of these foci was very weak and there was some overlap of Rhp51 foci with background noise, suggesting that the number of Swi5-EGFP foci may be overestimated. However, the results nonetheless indicate that Sfr1, probably together with Swi5, is recruited to DNA damage sites of Rhp51 assembly, as purified Swi5 and Sfr1 proteins form a stable complex in vitro (Haruta et al, 2006) .
Notably, the Swi2-dependent spontaneous formation of Swi5-EGFP foci was not affected by the smt-0 (a cis mutation that prevents DSB formation at the mat1 locus) or rhp51D mutations ( Figure 4C ), indicating that these spontaneous foci of Swi5 are not caused by DSBs that arise during MT switching.
Swi5 and Rhp57 independently facilitate Rhp51 assembly at damage sites
We previously showed that the DNA repair defects of the swi5D and rhp57D single mutants are partially suppressed by 2 UV light. After incubation for 3 h at 301C, cells were observed by using a DeltaVision microscope system. Note that focal signals of Swi5-EGFP were analyzed in an swi2D background to abolish the accumulation of spontaneous foci at heterochromatin. The graph shows percentages of cells with foci before (À) and after ( þ ) UV irradiation. (C) Sfr1 assembly is dependent on Rhp51. EGFP-Sfr1 focal signals are not detected in cells (YA986) with the rhp51D mutation 3 and 6 h after UV irradiation. et al, 2003) . Here, we demonstrated that the UV sensitivity of the swi5D rhp57D double mutant was still partially suppressed by overexpression of rhp51 þ , indicating that the repair defects of these cells can be bypassed by a high concentration of Rhp51 ( Figure 5A ). The MMS sensitivity of the double mutant was also suppressed by rhp51 þ overexpression (data not shown). These observations, together with previous results, suggest that Swi5/Sfr1, like Rhp55/57 but independently of it, acts directly on the Rhp51 nucleoprotein filament. To explore this possibility, we examined the assembly of Rhp51 in UV-irradiated cells by immunostaining ( Figure 5B and C These effects appeared to be less pronounced than in swi5D cells. The swi5D rhp57D double mutant was more severely affected than either single mutant. In particular, they had only a few nuclei with strong Rhp51 foci, and the frequency of cells with weak foci was much lower than that for the rhp57D and swi5D single mutants. The peak time of Rhp51 assembly after UV irradiation was not detectably affected by the swi5D, rhp57D or swi5D rhp57D mutations (data not shown). These results suggest that Swi5 and Rhp57 facilitate or stabilize Rhp51 nucleoprotein filament formation in a redundant manner. As the S. cerevisiae Rad55/57 heterodimer acts as a mediator that promotes Rad51-dependent strand exchange (Sung, 1997) , the Swi5/Sfr1 complex likely functions as another Rhp51 mediator in vivo. Indeed, we have recently reported that the Swi5/Sfr1 complex stimulates in vitro strand exchange mediated by Rhp51 (Haruta et al, 2006) .
Genetic assay of site-specific DSBR
To examine functional differences between the Swi5/Sfr1 and Rhp55/Rhp57 mediator complexes, we adopted the site-specific DSBR assay system established by Prudden et al (2003) . In this system, a single DSB is created by the HO endonuclease at a 112-bp target site embedded in a non-essential minichromosome, Ch 16 -MG. A kanMX marker conferring G418 resistance is adjacent to the cut site. The presence of ade6-M216 on Ch 16 -MG and ade6-M210 on chromosome III confers an ade þ phenotype through intragenic complemen-
tation. An HO-induced DSB can be repaired by the NHEJ pathway or by HRR involving Ch 16 -MG and chromosome III. Failure to repair the DSB results in minichromosome loss, leading to an ade À G418 s phenotype (see Supplementary Figure S2 ). Importantly, the single DSB is very efficiently generated within 48 h after induction, with no loss of cell viability (Prudden et al, 2003) . Therefore, this system allows us to score most genetic events resulting in DSBR or failure to repair. The results of this genetic assay are shown in Supplementary Table S1 . ade þ G418 s and ade À G418 s segregants were efficiently produced upon HO induction, whereas there was no increase in the frequency of these colonies without induction, consistent with previous observations (Prudden et al, 2003) .
Mediator mutations reduce HRR capacity for a single DSB HRR-mediated ade
þ G418 s segregants are expected to arise by GC and CO, whereas ade À G418 s segregants are expected to arise mainly by minichromosome loss and long-tract gene conversion (LTGC) (Prudden et al, 2003) . To quantify the proportion of each product, we prepared genomic DNA from independent colonies in each assay and determined the sizes of Ch 16 -MG and Chromosome III by pulse-field gel electrophoresis (PFGE). Among the ade þ G418 s segregants, we found three types of chromosomal patterns, as expected: one consisting of 0.5 and 3.5 Mb chromosomal bands that could be generated by canonical GC, one with two 2 Mb bands generated by canonical CO and one with 2 and 3.5 Mb bands that may be generated by non-reciprocal exchange associated with break-induced replication (referred to as BIR type 1). Among the ade À G418 s segregants, we found four types of chromosomal patterns, as expected: one with only the 3.5 Mb chromosome band that could have resulted from failure to repair the DSB (Ch 16 -MG loss), one with 0.5 and 3.5 Mb bands generated by LTGC, one with two 2 Mb bands generated by a two-marker GC event associated with CO and one with 2 and 3.5 Mb bands generated by nonreciprocal exchange (referred to as BIR type 2) (see Supplementary Figures S2 and S3 ). To confirm that ade6-M216 of Ch 16 -MG is indeed converted to ade6-M210 in the segregants that we classified as LTGC, we analyzed the DNA sequences of the ade6 gene of ade À G418 s segregants with 0.5 and 3.5 Mb bands, which were obtained very frequently from rhp57D (see the next section). All ade À G418 s segregants with 0.5 and 3.5 Mb bands had a homologous ade6-M210 sequence, indicating that they were generated by LTGC (Supplementary Figure S4) . PFGE data are summarized in Supplementary Tables S2 and S3 , and the ratios of HRR, NHEJ and Ch 16 -MG loss that were calculated using the results in Supplementary Tables S1-S3 are presented in Table I .
In the wild-type strain, the major outcome of DSB induction is HRR (73.3%), followed by minichromosome loss (16.2%) and NHEJ (10.5%). In the absence of Rhp51, the survivors produced by HRR were severely reduced in number and the frequency of minichromosome loss was dramatically elevated. These results agree very well with those previously reported (Prudden et al, 2003) . The rhp57D, swi5D and sfr1D single mutations affected HRR more mildly than did the rhp51D mutation, although each slightly enhanced the frequency of NHEJ. The swi5D rhp57D double mutant showed a repair profile very similar to that of the rhp51D single mutant. All of these features are highly consistent with the UV and g-ray sensitivities of this mutant that we previously reported (Akamatsu et al, 2003) . Table II shows the frequencies of different HRR outcomes among the total survivors. The wild-type strain repaired the single DSB mainly by GC (57% of total segregants, which corresponds to 78% of the HRR outcomes). Canonical CO and LTGC also occurred at much lower frequencies (6.3 and 7.4%, respectively). Others, including BIR types 1 and 2 and two-marker GC with CO and unknown products, appeared at low frequencies (2.6% in total). The frequencies of these minor recombinants are not statistically significant for the mutants tested in this study. The rhp51D mutation reduced GC (5.0%), abolished CO (not detected among 105 ade þ G418 s segregants analyzed by PFGE) and moderately increased LTGC (13.2%). These results, together with the increase in minichromosome loss (see above), underscore the central role of Rhp51 in HRR processes and indicate that an Colonies that arose after HO induction were classified into three categories, NHEJ, HRR and minichromosome loss, by phenotypic and PFGE analyses. The average frequencies (total segregants ¼ 100%) and standard errors were statistically determined by the bootstrap method (100 000 iterations) with the data sets in Supplementary Tables 1-3 . The average frequencies of colonies produced by HRR (total HO-induced segregants ¼ 100%) and standard errors were statistically determined by the bootstrap method (100 000 iterations) with the data sets of Supplementary Tables 1-3 . a P-values determined by Fisher's exact test are presented in Supplementary Table S4. b
Mutations in recombination genes differentially affect the outcome of HRR
No colonies were obtained. LTGC process is enabled or activated in the absence of Rhp51 function. Both the swi5D and sfr1D single mutations conferred very similar effects: they caused a much milder reduction in GC (21.8 and 26.6%, respectively) than did the rhp51D mutation and increased LTGC (12.1 and 14.2%, respectively) to a similar level. The rhp57D mutation reduced GC to 9.6%, which was an effect milder than that of the rhp51D mutation but more severe than those of the swi5D and sfr1D mutations. Interestingly, the rhp57D mutation increased the frequency of LTGC (27.0%) more than did the rhp51D, swi5D or sfr1D mutations. The swi5D rhp57D double mutant produced each recombinant class at frequencies similar to that of the rhp51D single mutant, consistent with the idea that the double mutation completely abolishes the Rhp51-dependent repair pathway. The increased frequency of LTGC in the rhp57D single mutant was suppressed in the swi5D rhp57D double mutant (14.2%), a level similar to that observed in the rhp51D mutant, suggesting that the hyper-increase of LTGC in the rhp57D single mutant is produced by Rhp51 and Swi5 functions (probably together with Sfr1).
Most interestingly, rhp51D or rhp57D mutants yielded no CO segregants, whereas swi5D and sfr1D single mutants produced CO segregants at reduced levels relative to wildtype cells. Although the frequency of CO was low, these values are statistically significant (Supplementary Table S4 ). Therefore, these results clearly indicate the essential functions of Rhp51 and Rhp57 in CO production. The strong increases in LTGC and their essential role in CO production observed in this study are the first demonstration of a functional difference among HRR mediators.
Discussion
Localization of two Swi5-containing complexes The study described here has shown two nuclear patterns for Swi5 (Figure 1 ). Swi5 (Swi2-dependent) and Swi2 foci overlap with some Swi6 foci. In fission yeast, the chromodomain protein Swi6 localizes to the silent mat loci, centromeres and telomeres. It has been demonstrated that Swi2 and Swi5, as well as Swi2 and Swi6, interact physically, allowing the chromodomain protein Swi6 of the Swi2/Swi5 mediator complex to spread into the silent mat region (Akamatsu et al, 2003; Jia et al, 2004) . Taken together, these results suggest that the overlapping foci shown in Figure 1 localize to the MT region. The Swi2-independent subnuclear localization of Swi5 is required for the function of Sfr1, which also localizes in a diffuse manner to the subnuclear region under normal growing conditions (Figure 1 ). In turn, upon DNA-damaging treatment, Sfr1 and Swi5 foci are induced most probably at DNA damage sites where Rhp51 also forms foci (Figure 4) . The induced formation of Swi5 foci does not require Swi2, which is also consistent with the fact that Swi2 is not required for DNA repair (Akamatsu et al, 2003) . On the other hand, the inducible focus formation of Sfr1 and Swi5 is interdependent (Figure 1 and data not shown) . In addition, their focus formations require Rhp51 ( Figure 2C and data not shown). Thus, Rhp51, Swi5 and Sfr1 are mutually interdependent for association at DNA damage sites. Although we did not directly observe colocalization in this study because of technical difficulties related to tagging, this interdependency suggests that Swi5 and Sfr1 form a stable complex in vivo. We previously reported physical interactions between Swi5 and Sfr1 in vivo (Akamatsu et al, 2003) . Very recently, we have demonstrated that Swi5 and Sfr1 form a stable complex in solution, and that the Swi5/Sfr1 complex interacts with Rhp51 in an Sfr1-dependent manner (Haruta et al, 2006) . Therefore, we conclude that the observed DNA damage-inducible Swi5 and Sfr1 foci contain a tight complex of the two proteins, and that these foci represent sites in which Rhp51-dependent HRR events occur.
The Swi5/Sfr1 complex is a novel mediator of Rhp51
We recently demonstrated that the Swi5/Sfr1 complex stimulates Rhp51-mediated strand exchange in vitro (Haruta et al, 2006) . The results presented in this study provide several lines of further in vivo evidence that the Swi5/Sfr1 complex acts as a mediator for Rhp51. First, Swi5/Sfr1 foci are formed upon DNA damage and persist for a long period in the rhp54D mutant (Figure 3 ). Rad54 and its paralogues are thought to function after Rad51-mediated strand invasion (Muris et al, 1997; Symington, 2002) . The observation of Swi5/Sfr1 foci in the rhp54D mutant suggests a defect in the disassembly of Rhp51 in this background, also implying that recombination reactions arrest and that toxic recombination intermediates accumulate in rhp54D cells. Consistent with this, it has been shown that both S. pombe Rhp51 in the rhp54D background and S. cerevisiae Rad51 in the rad54D background assemble at damage sites and that recombination does not progress further (Caspari et al, 2002; Sugawara et al, 2003; Miyazaki et al, 2004) . Taken together, these data suggest that Swi5/Sfr1 functions upstream of Rhp54, probably with Rhp51.
Second, cytological analyses show that DNA damageinducible Swi5/Sfr1 foci accumulate at sites of damage, where Rhp51 also forms foci (Figure 4) . It was not possible in this study for technical reasons to demonstrate that Swi5, Sfr1 and Rhp51 simultaneously colocalize. However, inducible focus formation requires Rhp51 ( Figure 2C ) and normal levels of Rhp51 focus formation require Swi5 ( Figure 5 ). The swi5D rhp57D double mutation abolishes Rhp51 focus formation ( Figure 5 ). These findings suggest that the Swi5/Sfr1 complex and Rhp51 associate in vivo and that each factor is required for the full inducible accumulation at DNA damage sites.
Third, Rhp51 overproduction suppresses mutations affecting mediator functions. The partial suppression of the DNA repair defects of the S. cerevisiae rad55 and rad57 mutants by Rad51 overexpression can be interpreted as indicating that high concentrations of Rad51 are required for functional nucleoprotein filament formation in these mutants (for review, see Symington, 2002) . The repair defects of the swi5D and sfr1D mutants are also suppressed by Rhp51 overexpression (Akamatsu et al, 2003) , as is also the case for the rhp55D and rhp57D mutants (Muris et al, 1996; Khasanov et al, 1999; Tsutsui et al, 2000) . Most importantly, the defects of the swi5D rhp57D and sfr1D rhp57D double mutants are also suppressed by Rhp51 overproduction (Figure 5A ; Y Akamatsu and H Iwasaki, unpublished) .
The Swi2/Swi5 complex may also play a mediator role in Rhp51-mediated strand exchange during MT switching, which is caused by a unidirectional GC most likely arising through an SDSA-like process (Klar, 1992; Arcangioli and Thon, 2004) . As Swi5/Sfr1 is involved in the GC-producing pathway (see below), the two Swi5-containing complexes may have similar intrinsic biochemical activities. A major difference is conferred by the Swi6 interaction, which stabilizes Swi2/Swi5 at the silent donor MT loci. Interestingly, spontaneous Swi5 foci are observed in smt-0 strains regardless of Rhp51 function ( Figure 4C ). This implies that Swi2/ Swi5 remain at the mat locus independently of the initiation of the MT switching reaction ( Figure 4C ).
Rhp51 and its mediator functions in DSBR
The single DSBR analysis described here has provided important information about DSBR pathways in S. pombe (Table II) . First, canonical GC (gene conversion without CO) was reduced in the mutants tested in this study, indicating that Rhp51 and both the Rhp55/57 and Swi5/Sfr1 mediators are involved in GC production. Second, LTGC products were increased in all mutants, indicating that an Rhp51-independent pathway is responsible for the elevated level of LTGC. This pathway may involve Rad22 (Doe et al, 2004) . Third, the rhp57D mutation generated more LTGC segregants than did the rhp51D mutation, but the swi5D mutation restored this frequency to that of the rhp51D single mutant. This suggests that the hyper-increase of LTGC in the rhp57D single mutant is produced by the functions of Rhp51 and the Swi5/Sfr1 mediator. Fourth, and most importantly, cells with the rhp57D or rhp51D mutation do not produce canonical CO products, whereas wild-type, swi5D and sfr1D strains produce low but significant levels of COs. The rhp57D mutation is epistatic to the swi5D mutation with respect to CO production. These results clearly indicate that Rhp51 and Rhp57 are required for CO production and that Rhp51 and its mediators play a critical role in GC/CO production during HRR. This conclusion is consistent with a report that a mammalian mediator complex containing Rad51C and XRCC3, a probable counterpart of Rhp55/Rhp57 (Tsutsui et al, 2000) , is associated with branch migration and Holliday junction resolution activities in vitro (Liu et al, 2004) . Furthermore, XRCC3 mutant cells have been reported to display drastically altered spectra of recombination products, with increased GC tract lengths, increased frequencies of discontinuous tracts and frequent local rearrangements associated with HR (Brenneman et al, 2002) . Taken together, these results support the notion that mediator functions have been conserved through evolution.
A working hypothesis
In an attempt to interpret the data, we propose the following model for mitotic HRR (see also Supplementary Figure S5) . Two major homology-dependent DSBR pathways, SDSA and DSBR, have been described (Paques and Haber, 1999) . To avoid confusion with our conventional usage of DSBR for 'DNA DSBR', we hereafter refer to the model proposed by Szostak et al (1983) as sDSBR. SDSA produces only GC, whereas sDSBR can potentially produce both GC and CO via the formation and resolution of dHJs. In both pathways, the invasion of a single-strand 3 0 -tail into a homologous DNA duplex is the initial critical step (SEI or D-loop formation) and is mediated by Rhp51. In our model, mediators (Rhp55/57, Swi5/Sfr1 and Swi5/Swi2) are independently involved in this step. The Rhp51/55/57-mediated SEI intermediate can be resolved by either the sDSBR or SDSA pathways. The latter pathway produces only GCs. In sDSBR, the second Holliday junction is formed by the action of Rhp51/55/57, leading to the formation of a dHJ. The resolution of dHJs can produce COs, as well as GCs, which are followed by the steps originally proposed by Szostak et al (1983) . Rhp51/Swi5/ Sfr1-mediated SEI is also resolved by the sDSBR or SDSA pathway. The Swi5/Sfr1 complex is not essential for CO production, but it is needed for wild-type levels of COs (Table II) . Therefore, we assume that in the Swi5/Sfr1-dependent sDSBR pathway, the second Holliday junction is also formed by Rhp51/55/57 but not Rhp51/Swi5/Sfr1 functions. The resolution of dHJs leads to CO/GC production. In the case of MT switching, the Swi5/Swi2 complex, together with Swi6, might participate in the initiation and resolution steps, avoiding Rhp55/57 mediator recruitment and thereby favoring an SDSA-like process.
This simple model, although not the only possible model, accounts for many properties of the mutants in this study. For example, in swi5D or sfr1D mutants, Rhp55/57-mediated SEI is functional and can be resolved by either the sDSBR or SDSA pathways, leading to a reduced level of GC/CO production. In the rhp57D mutant, Rhp57-dependent SEI does not occur and the sDSBR pathway initiated by Rhp51/Swi5/Sfr1-mediated SEI is 'aborted', leading to the production of GC only through the SDSA pathway. The aborted intermediates in this sDSBR pathway may undergo continued extension of the invading ssDNA, resulting in a strong increase in LTGC. Although further studies will verify and improve this model, the results presented here clearly indicate that Rhp51 mediators are critically important factors for CO/GC production.
Meiotic functions of the Swi5/Sfr1 complex
The Sae3/Mei5 complex has been identified as a new assembly factor for the meiotic-specific Dmc1 recombinase in S. cerevisiae (Hayase et al, 2004; Tsubouchi and Roeder, 2004) . Sae3 and Mei5 are apparent homologs of Swi5 and Sfr1, respectively, although sae3 and mei5 mutants do not exhibit mitotic DNA repair defects (McKee and Kleckner, 1997; Hayase et al, 2004) . Both swi5D and sfr1D mutants were shown to have defects in meiosis (Ellermeier et al, 2004) (our unpublished data). We recently demonstrated that the Swi5/Sfr1 complex interacts directly with Dmc1 in vitro and stimulates strand exchange mediated by Dmc1 as well as by Rhp51 (Haruta et al, 2006) . This finding indicates that Swi5/Sfr1 also acts as a Dmc1 mediator. However, as S. pombe dmc1D and swi5D mutants and S. cerevisiae dmc1D, sae3D and mei5D mutants are defective in CO production during meiosis (Bishop et al, 1992; Ellermeier et al, 2004; Tsubouchi and Roeder, 2004) , the function of Swi5/Sfr1 in mitotic HRR seems to be different from that in the meiotic recombination. One way to resolve the disparity between the roles of Swi5/Sfr1 in mitotic HRR and meiotic recombination is to identify the mechanism by which cells choose between the Rhp51/Swi5/Sfr1 and Dmc1/Swi5/Sfr1 complexes. Alternatively, it is possible that Swi5/Sfr1 complex plays a role in coordinating the activities of Rhp51 and Dmc1.
Materials and methods
Strains, media and growth conditions
The S. pombe strains used in this study are shown in Supplementary  Table S5 . Strain constructions are also described in Supplementary data. Standard procedures were used for culture and genetic manipulations (Moreno et al, 1991) .
